By sequence alignment of the extracellular Serratia marcescens nuclease with three related nucleases we have identified seven charged amino acid residues which are conserved in all four sequences. Six of these residues together with four other partially conserved His or Asp residues were changed to alanine by sitedirected PCR-mediated mutagenesis using a variant of the nuclease gene in which the coding sequence of the signal peptide was replaced by the coding sequence for an N-terminal affinity tag [Met(His) 6 GlySer]. Four of the mutant proteins showed almost no reduction in nuclease activity but five displayed a 10-to 1000-fold reduction in activity and one (His110Ala) was inactive. Based upon these results it is suggested that the S.marcescens nuclease employs a mechanism in which His110 acts in concert with a Mg 2 + ion and three carboxylates (Asp107, Glu148 and Glu232) as well as one or two basic amino acid residues (Arg108, Arg152).
INTRODUCTION
The extracellular Serratia marcescens nuclease is a non-specific endonuclease, which cleaves DNA as well as RNA, doublestranded or single-stranded, to produce 5'-phosphorylated (mono-), di-, tri and tetranucleotides (1) . The enzyme is produced as a precursor of 266 amino acids which upon secretion loses its signal sequence to give a protein of 245 amino acids, comprising two disulfide bonds which are essential for activity (2) . The sequence of the enzyme is known (3, 4) ; isoenzymes with slightly different N-terminal sequences exist (5) (6) (7) (8) . The enzyme is a dimer of identical subunits (5, 9) . It is not known so far, however, whether the nuclease is active as a dimer. Two laboratories succeeded in growing crystals of the S. marcescens nuclease suitable for crystallographic analysis (7, 10) .
The protein is very stable towards thermal and chemical denaturation (1, 4, 11) . It has a temperature optimum between 37 and 44°C (4 (P.Friedhoff, unpublished data).
In contrast to its commercial importance as a very active nonspecific nuclease, little is known about the mechanism of phosphodiester bond cleavage catalyzed by the S. marcescens nuclease. So far, no amino acid residues have been identified that are essential for activity, except for the essential cysteine residues that are involved in disulfide bond formation (2) . We have begun, therefore, with a mutational analysis to search for amino acid residues that might be involved in catalysis. In the absence of detailed structural information we have used sequence information of structurally and functionally related enzymes from Anabaena spp. (12) , Saccharomyces cerevisiae (13) and recently also from Bos taunts (14) , to identify conserved amino acid residues with functional groups characteristic for the active sites of different nucleases. We have exchanged these amino acid residues for alanine by site-directed mutagenesis of the S. marcescens nuclease gene cloned in Escherichia coli. We present here results of our mutational analysis, which suggest that this enzyme employs a mechanism in which a histidine residue acts in concert with a Mg 2+ ion and three carboxylates, as well as one or two basic amino acid residues.
MATERIALS AND METHODS

Chemicals and enzymes
Chemicals for electrophoresis were purchased from Gibco-BRL (Gaithersbug, USA) or Baker (Deventer, Holland); chemicals for oligonucleotide synthesis from Millipore (Eschenbach, Germany); all other chemicals were obtained from Merck (Darmstadt, Germany). Restriction enzymes, DNA modifying enzymes, and Ta^-DNA-polymerase were obtained from Amersham Buchler (Braunschweig, Germany), and Pfii-DNApolymerase was from Stratagene (La Jolla, USA). All enzymes were used according to the manufacturers' protocols. QIAprepspin Plasmid Kits for plasmid DNA preparation, QIAquickspin PCR Purification Kits for PCR product purification, QIAquickspin Gel Extraction Kits for DNA isolation from *io whom correspondence should be addressed agarose gels, and Ni 2+ -NT A (nitrilotriacetic acid) resins for protein purification were obtained from Qiagen (Hilden, Germany).
Strains and plasmids
The following E.coli strains were used: E.coli LK111(X) (15) (r k -m k + , thi-1, thr-1, leuB6, tonA21, supE44, lacPYZAM15, Hfr, X + ) and E.coli TGE900 (16) (su-1, ilv-1, bio[XcI857ABamAHl]). Plasmids were obtained from W.Wende (this Institute). pATNuc is a derivative of pAT153 (17) bearing the gene coding for the S.marcescens nuclease between the BamRl and Sail sites without the signal peptide coding sequence and without any promoter (19) . pHisNuc ( Fig. 1) is a derivative of pRVF03 (18) and harbors the coding sequence for the S.marcescens nuclease with an N-terminal His 6 -tag under control of the p L -promoter (19) . Bacteria transformed with plasmids were grown in LB broth (20) containing ampicillin (75 /ig/ml) at the temperature given in the text. All standard DNA manipulations and electrophoresis procedures were carried out as described previously (20) . Sequencing was performed on an ABI 373A DNA sequencer using the PRISM™ Ready Reaction DiDeoxy Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, USA). 
Oligonucleotides
Oligonucleotides for sequencing, PCR-mediated cloning and mutagenesis were synthesized on a Millipore Cyclone Plus DNA synthesizer on the 0.2 /*mol scale using standard /3-cyanoethylphosphoamidite chemistry (21) without removing the DMTr group after the final coupling step. After deprotection all DMTr-oligonucleotides were purified by Oligo Pak™ purification cartridges (Millipore, Eschenbach, Germany) according to the manufacturers' instruction. Purified oligonucleotides were diluted to a final concentration of 10 /tM. Extinction coefficients, melting temperatures and optimal annealing temperatures for PCR were estimated with the OLIGO-4.0-S™ program (National Bioscience Inc., Plymouth, USA). The sequences of the oligonucleotides used for PCR cloning and mutagenesis are given in Table 1 . Their locations with respect to the S.marcescens nuclease gene are depicted in Fig. 2 .
Vector construction
For convenience of plasmid handling and protein purification the gene of the S. marcescens nuclease from the plasmid pSmaNuc (9) was subcloned into two different plasmids, pATRV and pHisRV (19) , using PCR cloning. The PCR was carried out in 100 /il reaction volume using 50 ng pSmaNuc, 400 nM of primers Fl and Rl, 200 fM of each dNTP in 1X P/ii-DNA-polymerase buffer using 2 U /^-DNA-polymerase and 15 cycles (95°C, 30 s; 55°C; 60 s; 72°C, 60 s). Primers Fl and Rl introduce a BaniH.1 site at the beginning and a Sacl and a Sail site at the end of the gene, respectively. After digestion with BamHI and Sail spin column purified PCR products were ligated into pATRV (19) , a derivative of pAT153 (17) to give pATNuc (promoterless gene, no leader peptide) or into pHisRV (19) a derivative of pRVF03 (18) to give pHisNuc (p L -promoter, N-terminal Met(His) 6 GlySer-linker, no leader peptide), cleaved with the same enzymes but 5'-dephosphorylated using shrimp alkaline phosphatase. Covalently closed plasmids were transformed into Figure 1 . Plasmid pHisNuc which was used for overexpression of the His 6 tagged S.marcescens nuclease and its mutants.
Multiple sequence alignment
Protein sequences of S.marcescens nuclease, Saccharomyces cerevisiae mitochondrial endo-exonuclease (NUC SERMA and 
PCR mutagenesis
Site-directed mutagenesis was performed using a method described by Ito et al. (24) (method I) or by a modification of this method (method II). Both methods are suitable for introducing a series of mutations into a gene employing four PCR primers, three of them used for every mutation and one specific for each mutation (see Fig. 2 for location of primers). Method I requires three PCR reactions, method II only two. Both methods were used without any gel purification step. In method I, a restriction site suitable for cloning is introduced in a first PCR, while another one is destroyed. In the second, parallel PCR, the desired mutation is introduced into a PCR product containing the restriction site which is destroyed in the first PCR product.
Combining both PCR products in a third PCR thus generates a full-length PCR product containing the mutation and both restriction sites needed for cloning. In a 50 /A PCR reaction, 50 ng of pATNUC digested with Eco47m, 400 nM of each primer (Fl and R3), 200 fM of each dNTP in 1X /^-DNA-polymerase buffer were amplified with 1 U P/w-DNA-polymerase for 15 cycles (95°C, 30 s; 55°C, 60 s; 72°C, 60 s) in a thermocycler Varius V (Landgraf, Hannover, Germany). A second PCR was performed using identical conditions except that primers M and R2 were used for amplification. PCR products were purified using the QIAquickspin PCR purification Kit and recovered in 50 /tl H 2 O. In a third PCR, 4 /tl of the first two PCR products were used as a template for primers Fl and R2 (each 400 nM) in a 50 /A PCR reaction containing 200 nM of each dNTP, 1X Taq-DNA-polymerase buffer and 1 U 7a^-DNA-polymerase. After 5 cycles of template elongation (95°C, 30 s; 95-72°C, 180 s; 72°C 60 s) 10 cycles of amplification followed (95°C, 30 s; 55°C, 60 s; 72°C, 60 s).
In method II, the desired mutation and a new primer binding site are introduced with both primers in the first PCR. In a second PCR, a full-length PCR product containing the mutation and both restriction sites needed for cloning as well as the new primer binding site is generated. The first PCR reaction is carried out under conditions as described above for the first PCR of method 1 except that primer R4 is used instead of R2. The purified PCR products and 50 ng of pATNuc digested with £co47III were used as templates in the second PCR with primers Fl and R5 (each 400 nM). The second PCR is carried out under the same reaction conditions as described for the third PCR of method I.
For analysis, PCR products were digested with a marker enzyme specific for each mutation and analyzed by electrophoresis in TPE buffer (100 mM Tris-phosphate, pH 8.0, 2 mM EDTA) on a 6% polyacrylamide gel. For cloning, the PCR products were purified as described above, digested with BaniiH and Sail and ligated into 100 pHisNuc. After heat inactivation, for 20 min at 65°C, the DNA was transformed in LK111(X) and plated onto LB agar containing 100 /ig/ml ampicillin. Screening was performed by picking single colonies, streaking them out freshly, dissolving a part of the colony in 50 li\ H 2 O and heating to 95°C for 5 min. 1 jtl of this suspension was used as a template in a 20 /il PCR containing 400 nM Fl and R3, 200 /iM of each dNTP, 1X 7ag-DNA-polymerase buffer and 0.5 U 7a^-DNA-polymerase. After 25 cycles (95°C, 30 s; 55 °C, 60 s; 72 °C, 60 s), 5 /il of the reaction was digested with an appropriate amount of marker enzyme and analyzed by electrophoresis in TPE buffer on 6% polyacrylamide gels. Plasmid DNA was isolated from marker positive clones and transformed into TGE900 for protein expression.
Mini-expression test 3 ml cultures of TGE900 were grown at 28 °C up to an A^ of approximately 1 and then induced by raising the temperature to 42°C for 1-1.5 h. Bacteria were harvested by centrifugation and resuspended in 10 mM Tris-HCl, 6 M urea, 1 mM EDTA, pH 8.0. After shaking for 60 min at room temperature, lysed cells were centrifuged in a desktop centrifuge to pellet all debris. An aliquot of the supernatant was then subjected to SDS-polyacrylamide gel electrophoresis. The nuclease content was estimated after staining with Coomassie brilliant blue using a gel documentation system (INTAS, Gottingen, Germany).
Nuclease activity in supernatants was tested using an EtBr-DNA microtitre format assay (see below) to obtain approximate relative activities. Wild type His 6 -tagged nuclease was always prepared in parallel for comparison.
Protein expression
Protein expression was performed essentially as described previously (9) except that E. coli strain TGE900 instead of DH5a was used. Briefly, bacteria were grown in cultures of 3-250 ml and grown to an /Igoo of approximately 1 at 28°C (growth rate / d = 50 min) and then induction was started by raising the temperature to 42°C over a time of 15 min. After 1 -1.5 h cells were harvested by centrifugation, washed with STE-buffer [8 % (w/v) sucrose, 50 mM Tris-HCl, pH 8.0, 5 mM EDTA] and centrifuged again. Induced cells were stored at -20°C or used directly for protein isolation.
Protein purification 500 mg induced cells were thawed and resuspended in about 20 ml 10 mM Tris-HCl, 1 mM EDTA, pH 8.2. Cells were disrupted by sonication at 4°C for 4 X15 s with a Branson Sonifier 250 (output level 5, duty cycle 50%). All following steps were carried out at 4°C. The insoluble cell debris was pelleted by centrifugation at 48,400 xg for 60 min (Beckmann model J2-HS with rotor JA 20; 20,000 rpm). The pellet was resuspended in 20 ml buffer B (10 mM Tris-HCl, 6 M urea, 10 mM imidazole, pH 8.2) by shaking overnight. Insoluble debris was removed by centrifugation at 12,100xg for 90 min (JA 20; 10,000 rpm). The supernatant was applied to a Ni-NTA resin column (1 ml bed volume) equilibrated with buffer B. The flow through was applied to the Ni-NTA resin column again, and this procedure was repeated twice. After washing with 50 ml of buffer B, the protein was eluted using buffer E (10 mM Tris-HCl, 6 M urea, 200 mM imidazole, pH 8.2) collecting 1.5 ml fractions. Proteins were detected by absorbance at 280 nm or by their DNA cleavage activity. Nuclease containing fractions were combined and dialyzed thoroughly against 10 mM Tris-HCl, pH 8.2. After dialysis, any precipitate was removed by centrifugation at 12,100xg for 60 min (JA-20; 10,000 rpm). The supernatant contained the pure nuclease and was stored at 4°C. All steps of the purification were monitored by SDS-polyacrylamide electrophoresis and activity tests. In the case of 3 ml cultures no Ni-NTA-chromatography step was carried out. Protein concentrations were determined from the absorbance of protein solutions at 280 nm. The extinction coefficient of the S.marcescens nuclease was taken to be e 28Onm = 45080 M" 1 cm" 1 , a value that is calculated on the basis of its content of Tyr, Phe and Tip (25) .
Activity tests
Nuclease activity was determined by the microtitre format activity test which takes advantage of the ethidium bromide-DNA (or RNA) fluorescence that decreases upon DNA (or RNA) cleavage, performed similarly as described by Ball et al. (3) . 100 pi per well of 50 mM Tris-HCl, pH 8.0, 5 mM MgCl 2 , 10 pM ethidium bromide, 0.1 mg/ml salmon testis DNA (Sigma, St Louis, USA) or E.coli tRNA Uu (a kind gift of R.Mull, Hannover) were incubated with 1 /tl of a nuclease-containing solution at room temperature or at 37°C. After suitable time intervals, ethidium bromide fluorescence was measured using an UV transilluminator (Bachhofer, Reutlingen, Germany) with excitation at 302 nm and a video documentation system (INTAS, Gottingen, Germany). For quantitation, a serial dilution of DNA or tRNA in the above buffer was always measured in parallel. Data were analyzed using a computer program for image processing (COUNTER, S.E.Matzen, unpublished data) and relative activities were calculated from the fluorescence decrease. These relative activities are valid only for the DNA or RNA concentration given.
A modified Kunitz assay as described for DNase I (26) was performed in 50 mM Tris-HCl, 5 mM MgCl 2 and 0.1 mg/ml salmon testis DNA as substrate. By definition one Kunitz unit causes an increase of 0.001 absorbance units/min in 1 ml solution in a cuvette of 1 cm path length at 254 nm. With high substrate concentrations ( > 0 . 1 -l mg/ml), the assay was monitored at 290 nm where 1 KU is defined as 0.00017 absorbance units/min. The values for k^ and K M were calculated from a plot of specific activity (KU/mg) versus DNA concentration (mg/ml) using a least square fit to the Michaelis-Menten equation v 0 = fccm
is the concentration-of DNA in mg/ml and v 0 is the specific activity in KU/mg. In several instances k^ could not be determined, because in the v 0 versus [S] diagram saturation was not achieved. In these cases k^/Kŵ as determined from the initial part of the v 0 versus [S] plot.
DNA binding experiment
DNA binding of the inactive H110A mutant was measured in electrophoretic mobility shift assays which were carried out as described previously (27) . Briefly, 5 nM of a 32 P-labeled 382 bp PCR-product (27) and varying amounts of affinity purified mutant nuclease H110A (1.56-100 nM) were incubated in 10 III binding buffer (50 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 ) for 10 min at 25°C. After adding 3 /d 50% (v/v) glycerol, 50 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 , the solution was subjected to electrophoresis on a 6% polyacrylamide gel, in 50 mM Tris-HCl, 14.5 mM taurine, 5 mM MgCl 2 , pH 9.0, at 100 V for 3 h. After drying, radioactive bands were visualized by autoradiography or with an Instantlmager™ (Canberra Packard, Meridan, USA).
Circular dichroism (CD)
CD spectra of the S.marcescens nuclease were recorded in a Jasco J-710 model dichrograph from 185-250 nm at 16°C in a cylindrical cuvette of 0.05 cm path length in 10 mM Tris-HC1, pH 8.2. Protein concentrations were determined before recording the CD spectra by measuring the absorbance at 280 nm and adjusted to give 0.14 mg/ml (5 /*M) nuclease. After recording the CD spectrum of the protein, the baseline given by the CD spectrum of 10 mM Tris-HCl, pH 8.2, was recorded and subtracted from the protein CD spectrum. Secondary structure was estimated using the ANTHEPROT program (28) and the method of Chen et al. (29) .
RESULTS
The principal goal of our mutational analysis of the S.marcescens nuclease has been to identify amino acid residues that are essential for catalysis. This goal can be achieved by two different strategies, viz. random mutagenesis with screening for null mutants (30, 31) or by site-directed mutagenesis of selected residues (32) . The latter strategy, however, requires additional information to select targets for the mutational analysis, which in our case was provided by sequences of three related enzymes, two of which were available at the beginning of the project. Alignment (Fig. 3) of the S.marcescens endonuclease to three other non-specific nucleases, viz. mitochondrial endo-exonuclease from Saccharomyces cerevisiae (13) , mitochondrial endonuclease G from B. taunts (14) and extracellular endonuclease from Anabaena spp. (12) , revealed 23 residues which are conserved in all four proteins, six of which lie in the most highly conserved region (Asp 107-Ala 115) in the S.marcescens nuclease sequence. Seven of the 23 conserved residues are known to occur in the active sites of other Mg 2+ dependent nucleases with known 3-D structure (33) (34) (35) , namely AsplO7, Argl08, HisllO, Glul48, Argl52, Glu232. To find out whether these amino acid residues are essential for the activity of the nuclease they were subjected to a mutational analysis [Lysl93 was not yet considered, as at the beginning of this project we had not included the endonuclease G sequence in our alignment and, therefore, like Muro-Pastor etal. (12) did not recognize Lysl93 to be a conserved residue]. In addition, the partially conserved Aspl40 and Asp229 as well as His47 and His66 were included in this analysis. These histidine residues can be aligned with the only other histidine residue of the Anabaena spp. nuclease under more relaxed conditions and were chosen for mutagenesis, because we had evidence from modification studies with diethyl pyrocarbonate and rose bengal sensitized photooxidation that a histidine might be involved in catalysis (P.Friedhoff, unpublished data).
In order to perform a mutational analysis of the S.marcescens nuclease we have cloned the gene into a plasmid under control of the p L -promoter. In conjunction with a thermosensitive cl repressor this allows for inducible overproduction which is needed to obtain sufficient amounts of enzyme for the in vitro characterization of the nuclease. In this construct (pHisNuc), the coding sequence for the N-terminal signal peptide is absent and replaced by the sequence coding for an N-terminal His 6 affinity tag [Met(His) 6 GlySer] which allows the nuclease to be purified very efficiently by metal-chelate interaction chromatography (19) . The S.marcescens nuclease carrying the Hisg tag shows nearly the same specific activity (3xlO 6 KU/mg) as the unmodified enzyme (7.6x 10 6 KU/mg) (9) . Upon overproduction, the His 6 tagged enzyme like the unmodified enzyme (9) is deposited in inclusion bodies and, therefore, can easily be separated from most other proteins of E.coli by sonication followed by centrifugation. As the wild type nuclease is most active in 4 M urea (4) we tried to solubilize the inclusion bodies in 6 M urea. Almost all of the nuclease becomes soluble by this treatment to give a highly enriched soluble nuclease preparation (~70% pure). After affinity chromatography under denaturing conditions (6 M urea) using the Ni -NT A resin the nuclease preparation is homogeneous and can be renatured to an active enzyme simply by dialyzing against 10 mM Tris-HCl, pH 8.2.
For replacement of amino acids of interest by alanine, we chose a site-directed PCR mediated mutagenesis protocol in which only one oligonucleotide is needed for each new mutant and three common oligonucleotides are used for every PCR (24) . We also developed a variant of this protocol in which only two PCR reactions are required. Both procedures gave equally good yields of positive clones, which in general were slightly lower than reported (24) . Every mutagenesis oligonucleotide also introduced a new restriction site for screening. Using the conditions given in the experimental section, marker positive clones in a few cases had unwanted secondary mutations (1 mutation in about 7500 base pairs sequenced).
After identifying positive clones in LK111(X) by restriction digestion and verification by sequencing the whole gene, plasmids were transformed into TGE900. Cells were grown in 3 ml cultures and then disrupted by sonication. After isolation and extraction of the inclusion bodies contained in the E.coli cells an enriched nuclease preparation (-70% pure) was obtained and tested for DNA and RNA cleavage activity ( Table 2) . Some of the mutant proteins showed nuclease activity comparable or only slightly reduced compared to wild type His 6 tagged nuclease (H47A, H66A, D140A, and D229A). Significantly, this set contains all mutant proteins, in which amino acids were exchanged that were not conserved in all four related nucleases. These mutants were not purified to homogeneity and not further analyzed. The other mutants were at least 10-fold less active than the wild type enzyme. They were prepared on larger scale, purified to homogeneity and analyzed in detail for structural integrity by circular dichroism (CD) and nuclease activity using different substrate concentrations. All mutant proteins with reduced activity (D107A, R108A, H110A, E148A, R152A, and E232A) behaved similarly to the wild type His 6 tagged nuclease regarding level of expression (Table 2) , localization in the same fractions during the course of purification and solubility after renaturation. The CD spectral analysis revealed no major differences in the secondary structure composition of the mutants tested compared to that of wild type His 6 -tagged nuclease (Fig.  4) , which indicates together with the identical behavior of all mutants during purification that the mutation introduced did not adversely affect the overall structure. DNA cleavage experiments employing a modified Kunitz assay confirmed the results of the Figure 3 . Protein sequence alignment of four related nucleases from Arwbaena spp., Saccharomyces cerevisiae, B.taurus, and S.marcescens. In the conserved regions amino acid residues are indicated by uppercase letters, the most highly conserved region is boxed. Amino acids conserved in two or more sequences are shaded gray, residues conserved in all four sequences are in bold face. Residues which were replaced by alanine are shaded in black. Secondary structure prediction and amino acid numbering is indicated only for the S.marcescens nuclease. Abbreviations for secondary structure elements are: a, a-helix; j3, (3-sheet; L, loop.
DNA and RNA cleavage experiments obtained with enriched preparations using the microtitre format assay (compare Tables  2 and 3 ). With the modified Kunitz assay substrate concentrations were varied up to a concentration of 1 mg DNA/ml. Surprisingly, only for the wild type enzyme and for the E232A mutant was saturation achieved, which allowed us to calculate k^ and K M values. All other mutants at best showed approach to saturation, such that only k^lK^ values could be determined and upper estimates given for the K M values (Table 3) , similarly as described for some DNase I mutants (36) . These results taken together suggest that most of the S.marcescens nuclease mutants Our results demonstrate that AsplO7, Argl08, Hisl 10, Glul48, Glu232, and to a certain extent also Argl52 are required for efficient catalysis, either because they have an important structural or functional role. It must be emphasized that the inactivity of a mutant in which an amino acid was exchanged by another one, does not prove that this amino acid is part of the active site, but the likelihood increases when it is found that this amino acid is strictly conserved in related enzymes. The only mutant that was completely inactive is H110A, which suggests that HisllO is directly involved in catalysis, possibly responsible for water activation or leaving group protonation. The assignment of HisllO to be essential for catalysis is supported by chemical modification studies, which demonstrated that S.marcescens nuclease is inactivated by treatment with diethyl pyrocarbonate and rose bengal sensitized photooxidation (P.Friedhoff, unpublished data). As HisllO is conserved in all four related nucleases and cannot be substituted by alanine without loss of activity, it is reasonable to conclude that Hisl 10 is the probable target for the inactivation of the wild type nuclease by alkylation or oxidation. It can be argued that an inactive mutant is defective in binding only. To resolve this question DNA binding experiments with the inactive H110A mutant were performed. Gel electrophoretic mobility shift assays (Fig. 5) showed that in the presence of Mg 2+ the HI 10A mutant binds to DNA, albeit weakly, demonstrating that this mutant is defective in catalysis. P-labeled 382mer was incubated with varying amounts of H110A (0-100 nM) and subjected to electrophoresis on a 6% polyacrylamide gel. The radioactivity remaining in the slots is attributed to protein x DNA aggregates which are formed at high concentration of the protein.
DISCUSSION
The extracellular nuclease of S.marcescens is a unique enzyme in as much as it is very promiscuous with respect to its nucleic acid substrate. It accepts DNA as well as RNA, and cleaves double-stranded and single-stranded nucleic acids. Only recently three similar enzymes have been discovered: the mitochondrial endo-exonuclease from Saccharomyces cerevisiae (13) , the mitochondrial endonuclease G from B. taunts (14) , and the extracellular endonuclease from Anabaena spp. (12) . As these enzymes have significant sequence homology and similar biochemical properties, it is likely that they have a similar mechanism of action, which would make it probable that the active site is formed by the same or similar amino acid residues. To identify these residues we have started with a mutational analysis of the S.marcescens nuclease, which was guided by a sequence alignment. By site-directed mutagenesis, conserved amino acid residues which could participate in acid base catalysis, that is required for the hydrolytic action of nucleases, were substituted by alanine and the effect of the substitution determined in DNA and RNA cleavage assays. As the effects were similar, we conclude first of all, that S.marcescens nuclease most likely has only one active site which accommodates both DNA and RNA. Of the seven His, Arg, Asp and Glu residues analyzed, six, namely AsplO7, ArglO8, HisllO, Glul48, Glu232, and to a certain extent also Arg 152, turned out to be required for efficient catalysis, as their exchange for alanine leads to normally folded, as judged by circular dichroism spectroscopy, nuclease variants with no or very low activity. Two other partially conserved Asp and Glu residues, as well as two His residues which occur in conserved regions were demonstrated by the same rationale to be dispensable for catalysis. These results together with a comparison with other nucleases with known structure, that like the S.marcescens nuclease require Mg 2+ for activity, and whose reaction mechanisms are known, allow to put forward suggestions as to a likely mechanism of action for the S.marcescens nuclease. So far, three different mechanisms for activation of water have been proposed for nucleases that depend on Mg 2+ for cleavage: activation by histidine, as in DNase I (37), activation by metal ion(s), as in the exonuclease of E.coli DNA polymerase I (38), E.coli RNase HI (39, 40) and HIV RNase H (41), or activation by the phosphate group adjacent to the phosphodiester bond to be cleaved as in EcoRI and £coRV (42, 43) . While in DNase I a second histidine serves to protonate the leaving group (37) , in the exonuclease of DNA polymerase I a second metal ion coordinates the 3' oxygen atom of the leaving group, thereby allowing its rapid departure (38) . For RNase H the donor for protonation or stabilization of the leaving group is not known, for £coRI and EcoRV it has been postulated that the leaving group is protonated by a water molecule in the hydration sphere of the essential Mg 2+ ion (42, 43) . For all these Mg 2+ dependent nucleases the role of the Mg 2+ ion in transition state stabilization is unequivocal. For DNase I, as well as for EcoRI and EcoRV, basic amino acid residues have been discussed to be also involved in transition state stabilization (37, 42) .Given these examples and our experimental results, we speculate that the S.marcescens nucleases like DNase I uses a His residue (HisllO) to activate a water molecule for the nucleophile attack on the phosphorus atom and that like in all the other Mg 2+ dependent nucleases the divalent metal ion, which is bound by Asp and/or Glu residues serves to stabilize the pentacovalent phosphorus in the transition state. In the S.marcescens nuclease the carboxyl groups of AsplO7, Glul48 and Glu232 could possibly serve as ligands for the Mg 2+ ion(s). The transition state could be further stabilized by basic amino acid residues, in the S.marcescens nuclease possibly by Arg 108 and/or Arg 152. The involvement of the conserved Lysl93 in catalysis still needs to be investigated! We cannot, at present, make any suggestions regarding the protonation of the leaving group. If HisllO is responsible for the protonation of the leaving group, water activation must be carried out by another entity, possibly by Mg 2+ as in the exonuclease of DNA polymerase I (38) or by the substrate itself as assumed for EcoRI and EcoRV (42, 43) . It seems improbable, however, that the S.marcescens nuclease, like DNase I, employs two essential histidine residues for water activation and protonation of the leaving group, as two other histidine residues that occur in conserved regions of the S.marcescens nuclease are not essential for cleavage. A more extensive and more detailed mutational analysis, and in particular structural information, which hopefully will soon be available, are needed to define the mechanism by which the S.marcescens nuclease cleaves phosphodiester bonds in very different nucleic acid substrates. In the absence of more precise data, our suggestions as to a defined function of essential amino acid residues must remain highly speculative. At present, it can only be suggested, that this enzyme cleaves nucleic acids employing a mechanism whereby a histidine residue acts in concert with three carboxylates and a Mg 2+ ion, as well as with one or two basic amino acid residues.
